Hand, foot and mouth disease (HFMD) has recently been recognized as a critical challenge to disease control and public health response in China. This study aimed to quantify the association between temperature and HFMD in Chengdu. Daily HFMD cases and meteorological variables in Chengdu between January 2010 and December 2013 were obtained to construct the time series. A distributed lag non-linear model was performed to investigate the temporal lagged association of daily temperature with age-and gender-specific HFMD. A total of 76,403 HFMD cases aged 0-14 years were reported in Chengdu during the study period, and a bimodal seasonal pattern was observed. The temperature-HFMD relationships were non-linear in all age and gender groups, with the first peak at 14.0-14.1 °C and the second peak at 23.1-23.2 °C. The high temperatures had acute and short-term effects and declined quickly over time, while the effects in low temperature ranges were persistent over longer lag periods. Males and children aged <1 year were more vulnerable to temperature variations. Temperature played an important role in HFMD incidence with non-linear and delayed effects. The success of HFMD intervention strategies could benefit from giving more consideration to local climatic conditions.
Hand, foot and mouth disease (HFMD) is an emerging viral infectious disease mainly occurring in children under the age of 5. It is mainly caused by enterovirus 71 (EV71) and coxsackievirus A16 (Cox A16) 1, 2 . Most patients show self-limiting illness typically including fever and vesicular exanthema on hands, feet, mouth, and buttocks 3 . However, sometimes serious neurological and cardiopulmonary complications may occur 4 . In recent years, HFMD epidemics are frequent and widespread in the Asia-Pacific region, especially in China, Japan, Malaysia and Singapore [5] [6] [7] [8] . According to the national surveillance system of China, over 4.5 million cases has been reported from January 2013 to December 2014. The epidemic of HFMD has become a serious public health problem in China. At present, there is no effective chemoprophylaxis or vaccination available for HFMD. Therefore, epidemiological surveillance of HFMD is essential for health officials to take proper and timely interventions to prevent and control the disease.
The incidence of HFMD has been reported to exhibit seasonal variation in a number of different regions [6] [7] [8] [9] [10] . For instance, epidemic peaks were observed in summer and late autumn 11, 12 . The observed seasonality suggested that the incidence of HFMD might be influenced by temperature. Several studies have been conducted to explore the relationship between temperature and HFMD with inconsistent findings reported, and the nature and extent of the relationship remains highly controversial. For example, many studies found that temperature was positively related to the incidence of HFMD [12] [13] [14] , while a study in Taiwan reported a negative association between temperature and HFMD when the temperature is above 26 °C.
Two aspects of the temperature effects deserve special attention: the non-linear and lag characteristics. On one side, previous studies have provided evidence of the nonlinear relationship between temperature and 13, 14 . On the other side, some time series studies have reported the delayed effect of temperature exposure on HFMD 11, 12 . However, they typically used a single fixed lag model to measure the moving average lag effects which may result in an underestimation of the effect of temperature on HFMD.
The association between temperature and HFMD is complex due to the two characteristics mentioned above. Existing inconsistent findings may be due to two reasons. Firstly, different areas may have different relationship patterns because of regional variations. Secondly, the misspecification of the single fixed lag and/or the invalid assumption of the linear relationship might lead to biased estimates. However, there are few studies regarding the pattern of delayed effect of temperature after accounting for the nonlinearity.
The current study aimed to explore the lag association between temperature and HFMD. Specifically, a distributed lag non-linear model (DLNM) was used to examine the temporal lagged association between daily temperature and daily HFMD cases using the data from 2010 to 2013 in Chengdu, China. DLNM has been developed to estimate simultaneously non-linear and delayed effects. Using this more reasonable model, a better understanding might be obtained for the association between temperature and HFMD. Also, the result may provide information on appropriate allocation of public health resources for better disease control and prevention.
Results
Between 1 January 2010 and 31 December 2013, a total of 76,403 HFMD cases aged 0-14 years were reported in Chengdu. Children aged 0-5 years were majority of the victims, which accounted for 97.18% (74,247 cases) of all reported cases over the study period. Of 76,403 HFMD cases, 45,771 were males and 30,632 were females, with a male-to-female sex ratio 1.49. Descriptive statistics for daily HFMD cases and meteorological variables was shown in Table 1 . There was an average of 52.3 daily HFMD cases over the study period. The mean level of daily mean temperature and relative humidity were 16.21 °C and 76.96%, respectively. Figure 1 depicted the time series of daily HFMD cases and meteorological variables during the study period, indicating a seasonal pattern. The seasonal peak of HFMD cases was found to differ from year to year, although it typically occurred during the summer and winter months. The first seasonal peak occurred between April to July, followed by the second peak from October to December. Figure 2 showed the three-dimensional relationship between daily mean temperature and HFMD cases along 30 lag days. Overall, the estimated effects of temperature on HFMD incidence were non-linear, with larger relative risk (RR) at the high temperature. Figure 3 illustrated the relative risk by temperature at specific lags (0, 7, 14, 21 and 30) and by lag at specific temperatures (4.1, 9.4, 17.2, 22.8 and 27.0 °C), corresponding approximately to 5th, 25th, 50th, 75th and 95th percentiles of temperature distribution. It was found that the high temperatures had acute and short-term effects and declined quickly over time, while the effects in low temperature ranges were persistent over longer lag periods. For instance, the high temperature (27.0 °C) had the maximum RR for HFMD cases on the current day, which decreased quickly during the following days. However, the low temperature (4.1 °C) had the minimum RR on the current day and had the maximum RR at lag 16 days, which decreased slowly during the following days. It suggested that the relationship between temperature and HFMD might have a different lag pattern. Figure 4 demonstrated the overall effect of temperature, summing up the contributions for the 30 days of lag. The exposure-response curve was an approximately M-shape. The RR increased with the increment of temperature and it reached the first peak at 14.0 °C and then turned to decrease. Again, the RR began to increase when then temperature was above 19.3 °C. It reached the second smaller peak at 23.2 °C and then began to decrease. Figure 5 presented the RR of cumulative exposure to mean temperature over 30 days for age-and gender-specific HFMD cases. For males and females, the RR followed the similar trends as the total RR. For these two groups, the RR reached the first peak at 14.0 °C and reached the second smaller peak at 23.2 °C. For children aged < 1, 1-2 and 3-5 years, the RR also followed the similar trends as the total RR. For children aged < 1 year, the RR reached the first peak at 14.1 °C and reached the second smaller peak at 23.7 °C. For children aged 1-2 years, the RR reached the first peak at 14.0 °C and reached the second smaller peak at 23.3 °C. For children aged 3-5 years, the RR reached the first peak at 14.0 °C and reached the second smaller peak at 23.0 °C. For children aged 6-14 years, there was a little difference. The RR reached the first peak at 14.1 °C and reached the second larger peak at 23.1 °C.
The risks of different mean temperatures for total, gender-and age-specific HFMD cases along the lags were summarized in Table 2 . The effects of mean temperature on childhood HFMD differed between males and females. We found that mean temperature had the higher risk estimates of HFMD incidence in males than in females. For male, the highest RR value was 14.76 at lag0-30. While for female, the highest RR value was 13.31 at lag0-30. For age-specific RRs, mean temperature had the highest risk estimates of HFMD incidence in children aged < 1 year. For children aged < 1 year, the highest RR value was 22.47 at lag0-30. For children aged 1-2 and 3-5 years, the highest RR value were 13.46 and 15.89 separately at lag0-30. For children aged 6-14 years, the highest RR value was 10.60 at lag0-30. In the sensitivity analyses, when the df for climate variables were varied between 4 and 7, similar results were obtained.
Discussion
In this study, we examined the association of temperature with age-and gender-specific HFMD among children in Chengdu, China, during 2010-2013. A distributed lag non-linear model was performed to investigate the temporal lagged association of daily temperature with HFMD. This is the first research targeted at the non-linear associations of delayed and cumulative exposure to temperature with age-and gender-specific HFMD among children in southwest China.
In our study, the descriptive analysis of temporal trends showed that there were two peaks per year. The first peak occurred in the late spring, along with the second peak in early winter. These seasonal patterns were similar to those found in other areas of China (Shangxi, Guangxi and Guangdong Province) as well as many other countries (Malaysia, Singapore, UK) 6, 7, 9, 11, 12, 15 . However, there are different seasonal patterns in other regions. For instance, in Finland, most HFMD cases were reported in autumn 10 . In Japan, one single peak was observed in July 2011 8 . This inconsistent might due to various environmental factors such as climatic, geographic, social-economic factors, etc. The age-specific results indicated that children aged < 1 year appeared to be most vulnerable to temperature changes. A previous study has indicated that the level of maternal antibodies to EV71 in the infants waned one month after birth 16 . The lack of immunity might increase the susceptivity of children less than 1 year of age to the temperature variations. The gender-specific results showed that that males were more vulnerable to temperature effect than females, which indicated that susceptibility might be distinct at the host genetic level 17 . In addition, boys are generally more active than girls, which make boys have more chances of being exposed to enteroviruses and are more easily infected by HFMD.
In this study, DLNM was used to examine the relationship between temperature and HFMD. The result indicated that temperature had a non-linear relationship with the HFMD incidence. An interesting finding was that the exposure-response curve was an approximately M-shape. This was consistent with the descriptive analysis of temporal trends in which the number of reported HFMD cases displayed a bimodal pattern (peaked twice a year). Although the exact mechanism remains unclear, this may be partly due to the fact that temperature could influence the survival and transmission of the HFMD virus, as well as children's activity and behavior, and thus affect the dynamics of disease transmission. An experimental study found that the stability of enteric viruses was generally influenced by environmental factors such as temperature and relative humidity 18 . In addition, children's activity could be influenced by temperature. Children are more likely to play outside or swim during summer. Previous studies have indicated that the summer peaks of enteric viruses were associated with swimming [19] [20] [21] . However, higher temperature might reduce the outdoor activities of children, and thus decrease their contacts with other children 16 . While in winter, children usually stay indoor longer which may increase their contacts with household members and result in higher transmission. Further study is needed to investigate the underlying mechanism of this complex association.
Most previous studies examined the effect of temperature on HFMD at a weekly or monthly scale. Our study suggested that it might be more reasonable to do the research based on daily data, which could provide more detailed information. Furthermore, weekly or monthly data rather than daily data may underestimate the association between weather factors and HFMD incidence, which may affect the accuracy of exposure assessment. In addition, the analysis at a daily scale might be more suitable for the prevention and control of HFMD by providing more timely information. Therefore, the local health authorities could have enough time to prepare for the possible upcoming HFMD epidemic.
The limitations of this study should be acknowledged: 1) Our study was based on data collected from only one city. Therefore, the results from this study might not be generalized to other regions with different temperature zone. Multi-city studies in different geographical locations are needed for further research. 2) We could not differentiate the pathogens of HFMD cases reported to the CISDCP system. Therefore, we were unable to investigate the specific impacts of temperature on different pathogens. 3) In conclusion, our study revealed a non-linear relationship between daily temperature and HFMD. The exposure-response curve was an approximately M-shape. Children aged < 1 year and male children were more vulnerable to the temperature variations. Our study provides information to better understand the effect of temperature variation on HFMD and may have policy implications for disease prevention and control. The success of HFMD intervention strategies could benefit from giving more consideration to local climate conditions.
Materials and Methods
Study area. Chengdu is the provincial capital of Sichuan province in southwest China, as well as a major city in western China. According to the 2010 census, Chengdu is the fifth-most populous city in China. Chengdu Data sources. Daily data of reported HFMD cases in Sichuan province from 2010 to 2013 were obtained from the China Information System for Disease Control and Prevention (CISDCP). HFMD was classified as a class "C" notifiable disease by the Ministry of Health of China, which demands that all HFMD cases should be reported to CISDCP within 24 hours after diagnosis 22 . In this study, all HFMD cases were confirmed according to the unified diagnostic criteria issued by the Ministry of Health of China 22 . A recent data quality survey report has showed that the reported HFMD data are of good quality, with reporting completeness of 99.84% and accuracy of the information reported to be 92.76% 23 . The HFMD cases aged 0-14 years accounting for 99.68% of all the HFMD cases were chosen in this study.
Meteorological data including daily mean temperature, relative humidity and rainfall of Chengdu were collected from China Meteorological Data Sharing Service System (http://cdc.cma.gov.cn).
Data analysis. DLNM represent a modelling framework to describe simultaneously non-linear and delayed effects 24 . A Poisson generalized linear regression combined with DLNM was applied to explore the effect of temperature on HFMD incidence. The model was specified as: where Y t is the reported daily HFMD case counts on day t; αis the intercept; cb(temp) indicates the "cross-basis" function, which is obtained by DLNM to model non-linear and distributed lag effects of temperature. ns means a smooth function based on natural cubic spline. A natural cubic spline DLNM was used to model the nonlinear association between temperature and HFMD. Akaike Information Criterion (AIC) was adopted to choose the df for temperature and lag 24 . The final composition of the function was a natural cubic spline of temperature with five df and a natural cubic spline with three df for lag days. Previous studies specified the lagged effect of temperature from 13 days to 6 weeks of lag 14, [25] [26] [27] . In this study, we found the effect of temperature on childhood HFMD was negligible for lags above 30 days, so a maximum lag of 30 days was used to explore the potential lag associations. Three df was used to smooth humidity (humid) and rainfall (rain) 26, 27 . Trend is a variable of the year and calendar month used to control for seasonality and long term trend. Dow is day of the week on day t. Holiday is a binary variable which is "1" if day t was a public holiday. β 1 , β 2 and β 3 are the regression coefficients. Rainfall was insignificantly associated with HFMD, therefore the variable was removed from the final model.
In our study, the lowest temperature (0 °C) was used as the reference value to calculate the relative risk. It is important to note that the change of the reference value may affect the value of the relative risk and the width of confidence interval, but it will not affect the RR curve itself.
Stratified analyses were performed by gender (male and female) and age group (< 1, 1-2, 3-5 and 6-14 years). The age groups were devided based on the different daily activity and environment. In China, children aged 0-2 years are usually cared at home. But children aged < 1 year are different from those aged 1-2 years in terms of daily activities. The group aged 3-5 years usually attend kindergartens. And children over 6 years of age go to school. Sensitive analyses were conducted to test the robustness of our results: varying the df (4-7) for climate variables. The "dlnm" and "spline" packages in the R software (version 3.1.1) was used to create the DLNM model.
